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Abstract
© 2018, Agricultural Institute of Canada. All rights reserved. We grew rice in phosphorus (P)
deficient  subtropical  paddy  soil  in  a  field  study  and  used  13CO2  continuous  labelling  to
investigate photosynthetic carbon (C) partitioning and allocation under FLOOD versus WET/DRY
conditions, with and without P fertilization (80 mg P kg−1). The plants and soil were sampled
after each of three WET/DRY cycles to determine13C allocation in above- and belowground plant
biomass, microbial biomass, the rhizosphere, and bulk soil. Irrespective of water management,
P-fertilized plants had higher biomass and Pcontent and more total13C in the rice-soil system,
especially the13C incorporation into the s hoots (51%-96%), than samples without P fertilization.
Root and bulk-soil13C were largely independent of both P fertilization and water management.
However, by the third sampling, P fertilization had increased the amount of13C and microbial
biomass 13C in the rhizosphere soil (RS) by 28% (WET/DRY) and 95% (FLOOD), and by 47%
(WET/DRY) and 50% (FLOOD), respectively.  The WET/DRY condition had significantly higher
microbial biomass and13C contents than FLOOD condition only in the RS. These results indicate
that  a  well-established  aboveground  plant  biomass  following  P  fertilization  is  required  to
increase  belowground  C  allocation.  Thus,  WET/DRY conditions,  like  FLOOD conditions,  can
provide moisture sufficient for unhindered P availability in rice-paddy system.
http://dx.doi.org/10.1139/cjss-2018-0008
Keywords
Microbial biomass, Paddy soil, Phosphorus deficiency, Rice photosynthesised C, Water
management
References
[1] Alvarez-Flores, R., Winkel, T., Nguyen-Thi-Truc, A., and Joffre, R. 2014. Root foraging capacity depends on root
system architecture and ontogeny in seedlings of three Andean Chenopodium species. Plant Soil, 380: 415-
428. doi:10.1007/s11104-014-2105-x.
[2] Atere, C.T., Ge, T., Zhu, Z., Tong, C., Jones, D.L., Shibistova, O., Guggenberger, G., and Wu, J. 2017. Rice
rhizodeposition and carbon stabilisation in paddy soil are regulated via dryingrewetting cycles and nitrogen
fertilisation. Biol. Fertil. Soils, 53: 407-417. doi:10.1007/s00374-017-1190-4.
[3] Averill, C. 2016. Slowed decomposition in ectomycorrhizal ecosystems is independent of plant chemistry. Soil
Biol. Biochem. 102: 52-54. doi:10.1016/j.soilbio.2016.08.003.
[4] Bai, Z., Li, H., Yang, X., Zhou, B., Shi, X., Wang, B., Li, D., Shen, J., Chen, Q., Qin, W., Oenema, O., and Zhang, F.
2013. The critical soil P levels for crop yield, soil fertility and environmental safety in different soil types. Plant
Soil, 372: 27-37. doi:10.1007/s11104-013-1696-y.
[5] Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S., and Vivanco, J.M. 2006. The role of root exudates in rhizosphere
interact ions  wi th  p lants  and  other  organ isms.  Annu.  Rev.  P lant  B io l .  57 :  233-266.
doi :10.1146/annurev.arplant .57.032905.105159.
[6] Bowatte, S., Tillman, R., Carran, A., and Gillingham, A. 2006. Can phosphorus fertilisers alone increase levels of
soil nitrogen in New Zealand hill country pastures? Nutr. Cycl. Agroecosyst. 75: 57-66. doi:10.1007/s10705-
006-9011-4.
[7] Carrijo, D.R., Lundy, M.E., and Linquist, B.A. 2017. Rice yields and water use under alternate wetting and drying
irrigation: a meta-analysis. F. Crop. Res. 203: 173-180. doi:10.1016/j.fcr.2016.12.002.
[8] Cleveland, C.C., and Townsend, A.R. 2006. Nutrient additions to a tropical rain forest drive substantial soil
carbon  dioxide  losses  to  the  atmosphere.  Proc.  Natl.  Acad.  Sci.  USA,  103:  10316-10321.
doi:10.1073/pnas.0600989103.
[9] Colomb, B., Debaeke, P., Jouany, C., and Nolot, J.M. 2007. Phosphorus management in low input stockless
cropping systems: crop and soil  responses to contrasting P regimes in a 36-year experiment in southern
France. Eur. J. Agron. 26: 154-165. doi:10.1016/j.eja.2006.09.004.
[10] Cordell, D., Drangert, J.O., and White, S. 2009. The story of phosphorus: global food security and food for
thought. Glob. Environ. Chang. 19: 292-305. doi:10.1016/j.gloenvcha.2008.10.009.
[11] Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., Ngai, J.T., Seabloom, E.W.,
Shurin, J.B., and Smith, J.E. 2007. Global analysis of nitrogen and phosphorus limitation of primary producers in
freshwater  marine  and  terrestrial  ecosystems.  Ecol.  Lett.  10:  1135-1142.  doi:10.1111/j.1461-
0248.2007.01113.x.
[12] Fadrus, H., and Malý, J. 1975. Rapid extraction-photometric determination of traces of iron (II) and iron (III) in
water with 1, 10-phenanthroline. Anal. Chim. Acta, 77: 315-316. doi:10.1016/S0003-2670(01)95189-X.
[13] Falkowski, P., Scholes, R.J., Boyle, E., Canadell, J., Canfield, D., Elser, J., Gruber, N., Hibbard, K., Högberg, P.,
Linder, S., Mackenzie, F.T., Moore, B., III, Pedersen, T., Rosenthal, Y., Seitzinger, S., Smetacek, V., and Steffen,
W. 2000. The global carbon cycle - a test of our knowledge of earth as a system. Science, 290: 291-296.
doi:10.1126/science.290.5490.291.
[14] Finzi,  A.C., Abramoff, R.Z., Spiller, K.S., Brzostek, E.R., Darby, B.A., Kramer, M.A., and Phillips, R.P. 2015.
Rhizosphere processes are quantitatively important components of terrestrial carbon and nutrient cycles. Glob.
Chang. Biol. 21: 2082-2094. doi:10.1111/gcb.12816.
[15] Gao, S., Tanji, K.K., Scardaci, S.C., and Chow, A.T. 2002. Comparison of redox indicators in a paddy soil during
ricegrowing season. Soil Sci. Soc. Am. J. 66: 805-817. doi:10.2136/sssaj2002.8050.
[16] Ge, T., Yuan, H., Zhu, H., Wu, X., Nie, S., Liu, C., Tong, C., Wu, J., and Brookes, P. 2012. Biological carbon
assimilation  and  dynamics  in  a  f looded  rice  -  soil  system.  Soil  Biol.  Biochem.  48:  39-46.
doi:10.1016/j.soilbio.2012.01.009.
[17] Ge, T., Liu, C., Yuan, H., Zhao, Z., Wu, X., Zhu, Z., Brookes, P., and Wu, J. 2015. Tracking the photosynthesized
carbon input into soil  organic carbon pools in a rice soil  fertilized with nitrogen.  Plant Soil,  392:  17-25.
doi:10.1007/s11104-014-2265-8.
[18] Ge, T., Li,  B., Zhu, Z., Hu, Y., Yuan, H., Dorodnikov, M., Jones, D.L., Wu, J.,  and Kuzyakov, Y. 2017. Rice
rhizodeposition and its utilization by microbial groups depends on N fertilization. Biol. Fertil. Soils, 53: 37-48.
doi:10.1007/s00374-016-1155-z.
[19] Gong, Z.T., Zhang, G.L., and Chen, Z.C. (eds.). 2009. Pedogenesis and soil taxonomy. Science Press, Beijing,
China. pp. 613-626 (in Chinese).
[20] Hall, S.J., and Matson, P.A. 1999. Nitrogen oxide emissions after nitrogen additions in tropical forests. Lett. Nat.
400: 152-155. doi:10.1038/22094.
[21] He, Y., Siemens, J., Amelung, W., Goldbach, H., Wassmann, R., Alberto, M.C.R., Lücke, A., and Lehndorff, E.
2015. Carbon release from rice roots under paddy rice and maizepaddy rice cropping. Agric. Ecosyst. Environ.
210: 15-24. doi:10.1016/j.agee.2015.04.029.
[22] Hu, S., Li, Y., Chang, S.X., Li, Y., Yang, W., Fu, W., Liu, J., Jiang, P., and Lin, Z. 2018. Soil autotrophic and
heterotrophic respiration respond differently to land-use change and variations in environmental factors. Agric.
For. Meteorol. 250-251: 290-298. doi:10.1016/j.agrformet.2018.01.003.
[23] Kleber, M., Sollins, P., and Sutton, R. 2007. A conceptual model of organo-mineral interactions in soils: self-
assembly of organic molecular fragments into zonal structures on mineral surfaces. Biogeochemistry, 85: 9-24.
doi:10.1007/s10533-007-9103-5.
[24] Kögel-Knabner, I., Amelung, W., Cao, Z., Fiedler, S., Frenzel, P., Jahn, R., Kalbitz, K., Kölbl, A., and Schloter, M.
2010. Biogeochemistry of paddy soils. Geoderma, 157: 1-14. doi:10.1016/j.geoderma.2010.03.009.
[25] Kuzyakov, Y., and Gavrichkova, O. 2010. Time lag between photosynthesis and carbon dioxide efflux from soil:
a  review  of  mechanisms  and  controls.  Glob.  Chang.  Biol.  16:  3386-3406.  doi:10.1111/j.1365-
2486.2010.02179.x.
[26] Kuzyakov,  Y.,  and  Schneckenberger,  K.  2004.  Review  of  estimation  of  plant  rhizodeposition  and  their
cont r ibut ion  to  so i l  o rgan ic  matter  fo rmat ion .  Arch .  Agron .  So i l  Sc i .  50 :  115-132.
doi :10.1080/03650340310001627658.
[27] Kuzyakov, Y., Friedel, J.K., and Stahr, K. 2000. Review of mechanisms and quantification of priming effects. Soil
Biol. Biochem. 32: 1485-1498. doi:10.1016/S0038-0717(00)00084-5.
[28] Leake,  J.R.,  Ostle,  N.J.,  Rangel-Castro,  J.I.,  and Johnson,  D.  2006.  Carbon fluxes from plants through soil
organisms determined by field 13CO2 pulse-labelling in an upland grassland. Appl. Soil Ecol. 33: 152-175.
doi:10.1016/j.apsoil.2006.03.001.
[29] Li, H., Huang, G., Meng, Q., Ma, L., Yuan, L., Wang, F., Zhang, W., Cui, Z., Shen, J., Chen, X., Jiang, R., and
Zhang, F. 2011. Integrated soil and plant phosphorus management for crop and environment in China. A
review. Plant Soil, 349: 157-167. doi:10.1007/s11104-011-0909-5.
[30] Li, H., Liu, J., Li, G., Shen, J., Bergström, L., and Zhang, F. 2015. Past, present, and future use of phosphorus in
Chinese agriculture and its  influence on phosphorus losses.  Ambio,  44:  274-285.  doi:10.1007/s13280-01-
-0633-0.
[31] Li,  Y.,  Lee, C.G.,  Watanabe, T.,  Murase, J.,  Asakawa, S.,  and Kimura, M. 2011. Identification of  microbial
communities that assimilate substrate from root cap cells in an aerobic soil using a DNA-SIP approach. Soil Biol.
Biochem. 43: 1928-1935. doi:10.1016/j.soilbio.2011.05.016.
[32] Lin, J.S., Shi, X.Z., Lu, X.X., Yu, D.S., Wang, H.J., Zhao, Y.C., and Sun, W.X. 2009. Storage and spatial variation of
phosphorus in paddy soils of China. Pedosphere, 19: 790-798. doi:10.1016/S1002-0160(09)60174-0.
[33] Liu,  A.,  Hamel,  C.,  Spedding,  T.,  Zhang, T.-Q.,  Mongeau, R.,  Lamarre,  G.R.,  and Tremblay,  G.  2008. Soil
microbial carbon and phosphorus as influenced by phosphorus fertilization and tillage in a maize-soybean
rotation in south-western Quebec. Can. J. Soil Sci. 88: 21-30. doi:10.4141/CJSS07016.
[34] Liu, L., Gundersen, P., Zhang, T., and Mo, J. 2011. Effects of phosphorus addition on soil microbial biomass and
community  composition  in  three  forest  types  in  tropical  China.  Soil  Biol.  Biochem.  44:  31-38.
doi:10.1016/j.soilbio.2011.08.017.
[35] Liu, L.J., Wang, K.J., Bian, J.L., Xiong, Y.W., Chen, L., Wang, Z.Q., and Yang, J.C. 2014. Differences in yield
response to nitrogen fertilizer among rice cultivars and their relationship with root morphology and physiology.
Acta Agron. Sin. 40: 1999-2007. doi:10.3724/SP.J.1006.2014.01999.
[36] Lu, Y.,  Wassmann, R.,  Neue, H.U.,  and Huang, C. 1999. Impact of phosphorus supply on root exudation,
aerenchyma formation and methane emission of rice plants. Biogeochemistry, 47: 203-218.
[37] Lu, Y., Wassmann, R., Neue, H.-U., and Huang, C. 2000. Dynamics of dissolved organic carbon and methane
emissions in a flooded rice soil. Soil Sci. Soc. Am. J. 64: 2011. doi:10.2136/sssaj2000.6462011x.
[38] Lu, Y., Watanabe, A., and Kimura, M. 2002. Input and distribution of photosynthesized carbon in a flooded rice
soil. Glob. Biogeochem. Cycles, 16: 32-1-32-8. doi:10.1029/2002GB001864.
[39] Maranguit, D., Guillaume, T., and Kuzyakov, Y. 2017. Effects of flooding on phosphorus and iron mobilization in
highly weathered soils under different land-use types: Short-term effects and mechanisms. Catena, 158: 161-
170. doi:10.1016/j.catena.2017.06.023.
[40] Martin, J.K., Adey, R.F., Sykes, B.J., and Thomson, J.M. 1992. The measurement of carbon flow though the
rhizosphere of mature cereal crops using a controlled environment chamber. CSIRO Division of Soils Divisional
Report No. 119. CSIRO Division of Soils Divisional Report No. 119. Australia. 12 pp.
[41] Meharg, A.A., and Killham, K. 1991. A novel method of quantifying root exudation in the presence of soil
microflora. Plant Soil, 133: 111-116. doi:10.1007/BF00011905.
[42] Milchunas, D.G., Lauenroth, W.K., Singh, J.S., Cole, C.V., and Hunt, H.W. 1985. Root turnover and production by
14C dilution: implications of carbon partitioning in plants. Plant Soil, 88: 353-365. doi:10.1007/BF02197492.
[43] Mishra, A., and Salokhe, V.M. 2011. Rice root growth and physiological responses to SRI water management
and implications for crop productivity. Paddy Water Environ. 9: 41-52. doi:10.1007/s10333-010-0240-4.
[44] Mori,  T.,  Ohta, S.,  Ishizuka, S.,  Konda, R., Wicaksono, A., Heriyanto, J.,  and Hardjono, A. 2013. Effects of
phosphorus and nitrogen addition on heterotrophic respiration in an Acacia mangium plantation soil in South
Sumatra, Indonesia. Tropics, 22: 83-87. doi:10.3759/tropics.22.83.
[45] Nguyen, C. 2003. Rhizodeposition of organic C by plants: mechanisms and controls. Agronomie, 23: 375-396.
doi:10.1051/agro:2003011.
[46] Ouyang, W., Lai, X., Li, X., Liu, H., Lin, C., and Hao, F. 2015. Soil respiration and carbon loss relationship with
temperature and land use conversion in  freeze-thaw agricultural  area.  Sci.  Total  Environ.  533:  215-222.
doi:10.1016/j.scitotenv.2015.06.109.
[47] Pampura, T., and Ustinin, M. 1996. Effect of succinic acid produced by microorganisms and plant roots on
copper sorption by soil. Pages 66-78 in J. Berthelin, P.M. Huang, J.-M. Bollag, and F. Andreux, eds. Effect of
mineralorganic-microorganism interactions on soil  and freshwater environments:  The Second International
Symposium Mineral-Organic-Microorganism International  (ISMOM).  Springer  Science+Business  Media,  LLC,
Naney, France.
[48] Pan, G., Li, L., Wu, L., and Zhang, X. 2003. Storage and sequestration potential of topsoil organic carbon in
China’s paddy soils. Glob. Chang. Biol. 10: 79-92. doi:10.1111/j.1365-2486.2003.00717.x.
[49] Paterson, E., Gebbing, T., Abel, C., Sim, A., and Telfer, G. 2007. Rhizodeposition shapes rhizosphere microbial
community structure in organic soil. New Phytol. 173: 600-610. doi:10.1111/j.1469-8137.2006.01931.x.
[50] Peyron, M., Bertora, C., Pelissetti, S., Said-pullicino, D., Celi, L., Miniotti, E., Romani, M., and Sacco, D. 2016.
Agriculture,  Ecosystems  and  Environment  Greenhouse  gas  emissions  as  affected  by  different  water
management  practices  in  temperate  r ice  paddies.  Agric.  Ecosyst.  Environ.  232:  17-28.
doi:10.1016/j.agee.2016.07.021.
[51] Qiu, H., Zheng, X., Ge, T., and Dorodnikov, M. 2017. Weaker priming and mineralisation of low molecular
weight  organ ic  substances  in  paddy  than  in  up land  so i l .  Eur .  J .  So i l  B io l .  83 :  9 -17.
doi :10.1016/ j .e jsobi .2017.09.008.
[52] Richardson,  A.E.,  Lynch,  J.P.,  Ryan,  P.R.,  Delhaize,  E.,  Smith,  F.A.,  Smith,  S.E.,  Harvey,  P.R.,  Ryan,  M.H.,
Veneklaas, E.J., Lambers, H., Oberson, A., Culvenor, R.A., and Simpson, R.J. 2011. Plant and microbial strategies
to improve the phosphorus efficiency of agriculture. Plant Soil, 349: 121-156. doi:10.1007/s11104-011-0950-4.
[53] Saggar, S., Hedley, C., and Mackay, A.D. 1997. Partitioning and translocation of photosynthetically fixed 14C in
grazed hill pastures. Biol. Fertil. Soils, 25: 152-158. doi:10.1007/s003740050296.
[54] Sahrawat, K.L. 2005. Fertility and organic matter in submerged rice soils. Curr. Sci. 88: 735-739.
[55] Sánchez, P. 2010. Tripling crop yields in tropical Africa. Nat. Publ. Gr. 3: 299-300.
[56] Sanderman,  J.,  Farquharson,  R.,  and  Baldock,  J.  2009.  Soil  carbon  sequestration  potential:  a  review for
Australian agriculture. A report prepared for Department of Climate Change and Energy Efficiency. CSIRO
Technical Report, 1-81.
[57] Singh, S.K., Badgujar, G.B., Reddy, V.R., Fleisher, D.H., and Timlin, D.J. 2013. Effect of phosphorus nutrition on
growth and physiology of cotton under ambient and elevated carbon dioxide. J. Agron. Crop Sci. 199: 436-448.
doi:10.1111/jac.12033.
[58] Snyder, C.S., and Slaton, N. 2002. Effects of soil flooding and drying on phosphorus reactions. News Views, 1-4.
[59] Su, Y.H., and Zhu, Y.G. 2008. Uptake of selected PAHs from contaminated soils by rice seedlings (Oryza sativa)
and  in f luence  o f  rh i zosphere  on  PAH  d i s t r ibut ion .  Env i ron .  Po l lu t .  155 :  359-365 .
doi :10.1016/ j .envpol .2007.11.008.
[60] Tang, X., Ma, Y., Hao, X., Li, X., Li, J., Huang, S., and Yang, X. 2009. Determining critical values of soil Olsen-P
for  maize  and  winter  wheat  from  long-term  experiments  in  China.  Plant  Soil,  323:  143-151.
doi:10.1007/s11104-009-9919-y.
[61] Tanji,  K.K.,  Gao, S.,  Scardaci,  S.C.,  and Chow, A.T. 2003. Characterizing redox status of paddy soils with
incorporated rice straw. Geoderma, 114: 333-353. doi:10.1016/S0016-7061(03)00048-X.
[62] Tanner, E.V.J., Vitousek, P.M., Cuevas, E., and Jan, N. 1998. Experimental investigation of nutrient limitation of
fo res t  g rowth  on  wet  t rop ica l  mounta ins .  Eco logy ,  79 :  10 -22 .  do i :10 .1890/0012-
9658(1998)079[0010:EIONLO]2.0.CO;2.
[63] Thuynsma, R., Valentine, A., and Kleinert, A. 2014. Phosphorus deficiency affects the allocation of belowground
resources  to  combined  cluster  roots  and  nodules  in  Lupinus  albus.  J.  Plant  Physiol.  171:  285-291.
doi:10.1016/j.jplph.2013.09.001.
[64] Tian, J., Dippold, M., Pausch, J., Blagodatskaya, E., Fan, M., Li, X., and Kuzyakov, Y. 2013a. Microbial response to
rhizodeposition  depending  on  water  regimes  in  paddy  soils.  Soil  Biol.  Biochem.  65:  195-203.
doi:10.1016/j.soilbio.2013.05.021.
[65] Tian, J., Pausch, J., Fan, M., Li, X., Tang, Q., and Kuzyakov, Y. 2013b. Allocation and dynamics of assimilated
carbon in rice-soil system depending on water management. Plant Soil, 363: 273-285. doi:10.1007/s11104-
012-1327-z.
[66] van der Hoek, W., Sakthivadivel, R., Renshaw, M., Silver, J.B., Birley, M.H., and Konradsen, F. 2001. Alternate
wet/dry  irrigation  in  rice  cultivation:  a  practical  way  to  save  water  and  control  malaria  and  Japanese
encephalitis? Res. Rep. 47: 1-30.
[67] Van Veen, J.A., Merckx, R., and Van De Geijn, S.C. 1989. Plantand soil related controls of the flow of carbon
from roots through the soil microbial biomass. Plant Soil, 115: 179-188. doi:10.1007/BF02202586.
[68] Vitousek, P.M., and Sanford, R.L. 1986. Nutrient cycling in moist tropical forest. Ecology, 17: 137-167.
[69] Wang, J., Huang, J., and Yan, T. 2013a. Impacts of climate change on water and agricultural production in ten
large River Basins in China. J. Integr. Agric. 12: 1267-1278. doi:10.1016/S2095-3119(13)60421-9.
[70] Wang, J., Hui, D., Ren, H., Liu, Z., and Yang, L. 2013b. Effects of understory vegetation and litter on plant
nitrogen (N), phosphorus (P), N:P ratio and their relationships with growth rate of indigenous seedlings in
subtropical plantations. PLoS ONE, 8: e84130. doi:10.1371/journal.pone.0084130.
[71] Watanabe, A., Machida, N., Takahashi, K., Kitamura, S., and Kimura, M. 2004. Flow of photosynthesized carbon
from rice plants into the paddy soil ecosystem at different stages of rice growth. Plant Soil, 258: 151-160.
doi:10.1023/B:PLSO.0000016545.36421.bc.
[72] Wright, I.J., Reich, P.B., Cornelissen, J.H.C., Falster, D.S., Hikosaka, K., Lamont, B.B., Lee, W., Oleksyn, J., Osada,
N., Poorter, H., Villar, R., Warton, D.I., Westoby, M., Garnier, E., Falster, D.S., Wright, I.J., Reich, P.B., Poorter, H.,
Villar, R., Lamont, B.B., Lee, W., Warton, D.I., Westoby, M., and Wright, I.J. 2005. Assessing the generality of
global leaf trait relationships. New Phytol. 166: 485-496. doi:10.1111/j.1469-8137.2005.01349.x.
[73] Wu, S., Hu, Z., Hu, T., Chen, J., Yu, K., Zou, J., and Liu, S. 2018. Annual methane and nitrous oxide emissions
from rice paddies and inland fish aquaculture wetlands in southeast China. Atmos. Environ. 175: 135-144.
doi:10.1016/j.atmosenv.2017.12.008.
[74] Xiong, W., Holman, I., Lin, E., Conway, D., Jiang, J., Xu, Y., and Li, Y. 2010. Climate change, water availability
and future cereal production in China. Agric. Ecosyst. Environ. 135: 58-69. doi:10.1016/j.agee.2009.08.015.
[75] Xu, X., Liu, X., Li, Y., Ran, Y., Liu, Y., Zhang, Q., Li, Z., He, Y., Xu, J., and Di, H. 2017. High temperatures
inhibited the growth of soil bacteria and archaea but not that of fungi and altered nitrous oxide production
mechanisms  from  different  nitrogen  sources  in  an  acidic  soil.  Soil  Biol.  Biochem.  107:  168-179.
doi:10.1016/j.soilbio.2017.01.003.
[76] Xu, Y., Ge, J., Tian, S., Li, S., Nguy-Robertson, A.L., Zhan, M., and Cao, C. 2015. Effects of water-saving irrigation
practices and drought resistant rice variety on greenhouse gas emissions from a no-till paddy in the central
lowlands of China. Sci. Total Environ. 505: 1043-1052. doi:10.1016/j.scitotenv.2014.10.073.
[77] Yao,  F.,  Huang, J.,  Cui,  K.,  Nie,  L.,  Xiang, J.,  Liu,  X.,  Wu, W.,  Chen, M.,  and Peng, S.  2012a. Agronomic
performance of highyielding rice variety grown under alternate wetting and drying irrigation. Crop. Res. 126:
16-22. doi:10.1016/j.fcr.2011.09.018.
[78] Yao, H., Thornton, B., and Paterson, E. 2012b. Incorporation of 13C-labelled rice rhizodeposition carbon into soil
microbia l  communit ies  under  d i f ferent  water  status.  So i l  B io l .  B iochem.  53:  72-77.
doi :10.1016/ j .so i lb io .2012.05.006.
[79] Yuan, H., Zhu, Z., Liu, S., Ge, T., Jing, H., Li, B., Liu, Q., Lynn, T.M., Wu, J., and Kuzyakov, Y. 2016. Microbial
utilization  of  rice  root  exudates:  13C  labeling  and  PLFA  composition.  Biol.  Fertil.  Soils,  52:  615-627.
doi:10.1007/s00374-016-1101-0.
[80] Zagal, E. 1994. Carbon distribution and nitrogen partitioning in a soil-plant system with barley (Hordeum
vulgare L.) ryegrass (Lolium perenne) and rape (Brassica napus L.) grown in a 14CO2-atmosphere. Plant Soil,
166: 63-74. doi:10.1007/BF02185482.
[81] Zeng, W.,  and Wang, W. 2015. Combination of nitrogen and phosphorus fertilization enhance ecosystem
carbon sequestration in a nitrogen-limited temperate plantation of Northern China. For. Ecol. Manage. 341: 59-
66. doi:10.1016/j.foreco.2015.01.004.
[82] Zhang, S., Wang, L., Ma, F., Zhang, X., Li, Z., Li, S., and Jiang, X. 2015. Can arbuscular mycorrhiza and fertilizer
management  reduce  phosphorus  runoff  from  paddy  fields?  J.  Environ.  Sci.  (China),  33:  211-218.
doi:10.1016/j.jes.2015.01.016.
[83] Zhang, W., Ma, W., Ji, Y., Fan, M., Oenema, O., and Zhang, F. 2008. Efficiency, economics, and environmental
implications of phosphorus resource use and the fertilizer industry in China. Nutr. Cycl. Agroecosyst. 80: 131-
144. doi:10.1007/s10705-007-9126-2.
[84] Zhu, B., and Cheng, W. 2012. Nodulated soybean enhances rhizosphere priming effects on soil organic matter
decompos i t ion  more  than  non-nodu la ted  soybean .  So i l  B io l .  B iochem.  51 :  56 -65 .
doi :10.1016/ j .so i lb io .2012.04.016.
[85] Zhu, Z., Zeng, G., Ge, T., Hu, Y., Tong, C., Shibistova, O., He, X., Wang, J., Guggenberger, G., and Wu, J. 2016.
Fate of rice shoot and root residues, rhizodeposits, and microbeassimilated carbon in paddy soil — Part 1:
Decomposition and priming effect. Biogeosciences, 13: 4481-4489. doi:10.5194/bg-13-4481-2016.
